Abstract The titled compounds were examined as PPO inhibitors and antibrowning agents; their various mechanisms were investigated and discussed. All compounds reduced significantly both the browning process and PPO activity. Browning index gave strong correlation with PPO activity (r 2 =0.96, n=19) indicating that the browning process is mainly enzymatic. Ascorbic acid could reduce the formed quinone instantly to the original substrate (catechol) at high concentration (>1.5 %) while at lower concentrations acted as competitive inhibitor (K I =0.256±0.067 mM). Cysteine, at higher concentrations (≥1.0 %), reacted with the resulted quinone to give a colorless products while at the low concentrations, cysteine worked as competitive inhibitor (K I = 1.113 ± 0.176 mM). Citric acid acted only as PPO non-competitive inhibitor with K I =2.074±0.363 mM. The products of PPOcatechole-cysteine reaction could be separation and identification by LC-ESI-MS. Results indicated that the product of the enzymatic oxidation of catechol, quinone, undergoes two successive nucleophilic attacks by cysteine thiol group.
Introduction
Reducing the undesirable browning process has gained much interest since it lowers the quality and nutritive value of freshcut vegetables (Toivonen and Brummell 2008) . The browning process has been attributed mainly to the action of PPO on polyphenols producing quinones that are responsible for the developed color (Queiroz et al. 2008; Constabel and Barbehenn 2008; Chang 2009 ). Most strategies of controlling the browning process are either inhibiting PPO activity or converting quinones to colorless materials. Sulfites are well known reducing agents and used to be from the most effective and frequently used antibrowning agents; however, their use has been restricted because of their adverse effects on human health (Oliphant et al. 2012; Stohs and Miller 2014) ; therefore, many other antibrowning agents with various mechanisms have been introduced. Ascorbic acid is a good antioxidant (Amorati et al. 2011; Ali et al. 2013 ) and the most antibrowning agent widely used today (Golan-Goldhirsh et al. 1992; Whitaker 1994; Rupasinghe et al. 2005) . Some reports attributed its action to the reduction of the formed quinones to the original colorless diphenols (Nicolas et al. 1994; Son et al. 2001; Limbo and Piergiovanni 2006) ; others considered ascorbic acid as a PPO inhibitor (Altunkaya and Gökmen 2008) ; however, the condition required to possess each mechanism is not defined. Cysteine was also investigated as antibrowning agent and its activity was attributed to various mechanisms i.e. its nucleophilic reactivity towards quinones to give colorless adduct (Richard-Forget et al. 1992; Friedman and Bautista 1995; Ding et al. 2002; Peñalver et al. 2002; Garcia-Molina et al. 2005) , its inhibitory effect towards PPO (Altunkaya and Gökmen 2008) or its ability to reduce o-quinones to their polyphenol precursors (Cilliers and Singleton 1990) . Polycaboxylic acids e.g. citric, tartaric, malic and succinic acids act as PPO activity either by lowering the pH or chelating the copper at the enzyme active site (Sedaghat and Zahedi 2012) . Other reported browning inhibitors are some flavonoids, kojic acid (Chang 2009 ), p-alkoxybenzoic acids, (Chen et al. 2005) , salicylic acid (Kumar et al. 2011 ) various dipeptides (Girelli et al. 2004 ) and 1-methylcyclopropene (Watkins 2008) .
This work differentiated among the various antibrowning mechanisms of the title compounds under given conditions by using simple UV-vis analysis. Although the mechanism of antibrowning activity of cysteine may involve nucleophylic attack towards quinones to form colorless products, the formed cysteine-catechol adducts have not been separated and characterized; the present work isolated, separated and identified some of the colorless reaction products by LC-ESI-MS. Recently, quinones have been used to detect free thiol group of cysteine in peptides and proteins by ESI-MS (Diedrich and Julian 2010) .
Materials and methods

Chemicals, instrumentation and plant materials
All chemicals used were reagent grade obtained from Sigma or Fluka Chemical Companies. The absorbance was recorded by Shimatzu 160A UV-Visible spectrophotometer; when needed, full scan (200-800 nm) was recorded. The lettuce cultivar (Great lakes) was obtained from Kaha Experimental Farm, Qalubia governorate, Egypt.
Sample preparation and treatment
Heads of lettuce (Lactuca Sativa L. cv. Great Lakes) were harvested at the proper stage of maturity from Kaha Experimental Farm, Qalubia governorate, Egypt. Good heads were transported immediately to the laboratory of postharvest center, Horticulture Research Institute. All leaves were removed and stems were cut by a sharp knife into round slices (1 cm thickness × 2.5 diameter) then dipped for 5 min. in distilled water (control) or one of the following solutions (1 %): Na 2 SO 3 , NaHSO 3 , ascorbic acid, L-cysteine and citric acid. All samples were air dried and every five slices were packed in sealed polypropylene bags of size (15 cm × 10 cm and 30 μm thickness) to serve as replicates. Twelve pages each containing 5 pieces were prepared for each treatment. Samples were arranged in a complete randomized design and stored at 2±1°C and 95 % relative humidity for 2, 5 and 8 days. At each interval, samples from three bags of each treatment were taken as replicates for measuring color change on the cutting edge; the same samples were subjected to enzyme extraction and activity determination. Each determination was performed in 5 replicates.
Enzyme extraction and activity determination PPO (EC 1.14.18.1) was extracted by homogenizing treated or untreated vegetable samples with 1.5-fold their weight sodium phosphate buffer (0.1 M, pH 6.5) containing 30 mM sodium ascorbate and 0.4 M sucrose at 25ºC. The crude extraction was filtered and refrigerated till used within 24 h. Optimum pH was determined at various pH (4-8) in 0.1 M sodium phosphate buffer and catechol as a substrate. Catechol (3 mL, 80.0 mM) dissolved in the phosphate buffer was mixed with 1.0 mL of enzyme extract. All of the enzymatic reactions were kept at the optimum condition (substrate saturation, pH 6.5 and 25°C). The increase in absorbance of 0.01 per min. at 410 nm at the specified condition was defined as one unit of PPO activity. The results were expressed as the activity percentage of the respective zero experiment (Dogăn et al. 2002) .
Enzyme inhibition mechanism
Enzyme extract (1.0 mL) was added to 3.0 mL catechol solution; the absorbance was then recorded at the zero time (100 %). After 60 s., the increase in absorbance was measured, then 10 μL of inhibitor solution dissolved in 50 % aqueous ethanol at various concentrations (or 10 μL solvent in control experiment) was added and the absorbance was recorded again immediately at various intervals till the end of the experimental period (600 s.). The absorbance change was used to express the activity percentage.
Inhibition kinetics
Inhibition kinetics of PPO was performed at the unsaturation level of substrate (catechol) at various final concentrations (0.84-7.15 mM). Inhibitor, ascorbic acid, cysteine or citric acid, (0.3 mL) was added to the assay solution to reach a final concentration (0.03-0.7 mM), then the remaining enzyme activity was determined after 30 s. Lineweaver-Burk curves (Lineweaver and Burk 1934) were used to calculate Km and K I (Dixon 1953 ).
Analysis of PPO-catechol-cysteine reaction products PPO-catechol-cysteine reaction was performed under the PPO assay condition by mixing 3 mL catechol, 1 mL enzyme extract and 250 μL cysteine (0.2 M). After incubation for10 min at 25°C, the reaction mixture was clarified by centrifugation and the supernatant was subjected to LC-ESI-MS analysis by Waters, Acquity UPLC H-Class instrument equipped with TQ triple quadropole ESI-MS detector and Acquity UPLC BEH C18 2.1×50 mm column contains trifunctional C18 stationery phase (1.7 μm particle size, 185 m 2 /g surface area and 0.7 g/ml pore volume). Mobile phase was methanol water (1:1 volume ratio) at flow rate 0.5 ml/min. ESI-MS was performed at both ES-and ES + modes with scan 100-1,000 m/e.
Color measurements
Color changes in fresh-cut vegetables were recorded by (chromameter CR-400, Minolta, Japan), calibrated against a standard white tile provided by the manufacture. Tristimulus values according to International Commission of Illumination, CIE (L, a, b) were recorded for three pieces per sample and measured immediately after cutting to determine the initial color.
The total color difference, ΔE, (Misnawi et al. 2003 ) and the browning indexes, BI, (Palou et al. 1999) were calculated according to following equations
Where Δ refers to the difference between final and initial measurements.
Where X=(a+1.75 L) / (5.645 L+a -3.012 b).
Statistical analysis
The independent t-test was used to examine the mean differences between the treated samples and their respective zero or control experiments at p ≤ 0.01 (high significant) or p>0.01-≤0.05 (significant). Lineweaver and Burk curves were generated by regression analysis. SPSS package (version 16) was used in the statistical analysis.
Results and discussion
Effects of some antibrowning agents on browning process and PPO activity in lettuce-head fresh-cut
Optimum pH of lettuce-head polyphenoloxidase was determined to be used in enzyme activity determinations; the enzyme exhibited sensitivity towards the medium pH with the maximum activity at pH 6.5. Results presented in Table 1 and Fig. 1 showed the effect of the examined compounds on both PPO activity and the browning index (BI). The enzyme activity was considered 100 % at the zero time. The control experiment showed strictly a significant increase in the enzyme activity up to 625.66 % and in the browning index from 13.04 to 75.52 after 8 days. As shown in Table 1 , all the examined compounds, cysteine, ascorbic acid, citric acid and sodium bisulfate, significantly reduced the PPO activity (p≤ 0.01) to 143.6, 212.5, 144.0 and 119.3 %, and the browning index (p≤0.05) to 19.2, 22.1, 28.9 and 18.8 respectively relative to the control group after 8 days. The enzyme activity of treated samples correlated better with the browning index, BI, (r 2 =0.96, n=19) than with the total color difference, ΔE, (r 2 =0.61, n=18); it is reported that the browning index is an important parameter in determining the browning process (Palou et al. 1999 To differentiate among the mechanisms of the examined antibrowning compounds, under given condition and crop, the antibrowning agents were added to the reaction mixture of enzyme extract and catechol after 60 s, i.e. after the quinone has been formed. The results presented in Fig. 2 showed that the sulfites immediately reduced the formed color which was not developed again till the end of the experimental period (600 s) even at low concentration (0.5 %). Ascorbic acid, showed different behavior depending on the concentration. At low conc. (0.5 %), ascorbic acid did not reduce the formed color but behaved as enzyme inhibitor where it lowered the color increase with time compared to the control (Fig. 2a) . Gradually at higher concentrations ( Fig. 2b and c) , ascorbic acid behaved similar to sulfides where it could reduce instantly the formed color and acted as quinone reducer. A lag period was reported before any observed increase in absorbance when ascorbic acid (Altunkaya and Gökmen 2008; Dincer et al. 2002; Neves et al. 2009) Fig. 3 UV-vis spectra of PPO assay under various conditions. a absorbance of PPO assay at various periods, b catechol and ascorbic acid spectra at the assay concentrations, c adding ascorbic acid or cysteine after 10 min, and d adding citric acid at the beginning or after 10 min sulfites (Neves et al. 2009 ) were used in PPO assays, which could be attributed to their reducing power toward quinone. Cysteine effect was also concentration dependent, it could also remove the developed color at higher concentrations (≥1.0 %) but its effect appeared after 120 s, not instantly as in sulfides and ascorbic acid, indicating its reactivity towards quinone but in a slower reaction rate. On the other hand, citric acid did not remove the formed quinone color (Fig. 2d) but reduced the rate of developing color afterwards compared to the control experiment indicating their action as PPO inhibitors.
Another experiment was conducted to identify the different inhibition mechanisms; full scan of the UV-vis spectrum (200-800 nm) was recorded for the enzymatic reaction mixture in the absence or presence of an inhibitor. Fig. 3 indicated the following observations: (a) the reaction product of the enzymatic oxidation of catechol (Fig. 3a) shows the formation of a peak at 410 nm for the newly formed quinone product at various periods (2-10 min) in addition to the strong absorbance of catechol (214-280 nm). (b) Fig. 3b shows the spectra of catechol and ascorbic acid at the same assay concentrations. 10 min and adding ascorbic acid or cysteine; both spectra show only the catechol peak and complete vanish of the 410 nm peak indicating the complete reduction of the formed quinone product to the original catechol or forming a colorless products. (d) Fig. 3d shows that addition of citric acid after 10 min of the assay reaction did not affect the formed quinone peak while when added at the zero time, the formation of quinone is almost completely inhibited; in other words, its action is mainly direct PPO inhibition. Lineweaver-Burk curves were used to assign the PPO inhibition mechanisms of the examined compounds at concentrations (0.03-0.70 mM). Km of uninhibited enzyme was 2.360 mM. Ascorbic acid and cysteine acted as PPO competitive inhibitors at the specified low concentrations while citric acid functions as non-competitive inhibitor with inhibition constant (K I ) 0.256 ± 0.067, 1.113 ± 0.176 and 2.074 ± 0.363 mM respectively. Correlation coefficient of all regressions were≥0.989.
Separation and identification of PPO-catechol-cysteine reaction products
A model reaction of cysteine (Cys) and catechol (Cat) in the presence of PPO extract that oxidizes catechol to quinone was performed to identify some of the colorless reaction products. Negative LC-ESI-MS chromatogram (Fig. 4) detects two major peaks at 0.267 and 0.409 min and many minor products while positive mode gave similar chromatogram but could not resolve the major fractions and gave only one major peak at Rt 0.312 min; therefore, the mass spectra resulted from the negative mode were picked for further analysis. The main two fractions gave spectra shown in Fig. 5a and b respectively. The first spectrum (A) showed two stable fragments, the first fragment gave peak at m/e 120.1 for Cys-(H) moiety and the second fragment, for dithiocatechol (Scheme 1), gave two peaks at m/e 215.5 and 214.2 for M (m/e 215.01) and M-1 (m/e 214.00) respectively. Spectrum (B) showed a molecular ion and base peak at m/e 108.8 for M-1 of unreacted free catechol (M + 110.04). Fractions at Rt 1.696, 1.887 and 2.673 min gave spectra C, D and E respectively (Fig. 5) ; all spectra showed a base peak at m/e 155 while spectrum D showed also a peak at m/e 212.8. These fragmentations indicate the formation of monothiocatechol as presented in Scheme 1.
Fraction at Rt 3.418 min (spectrum F) showed a peak at m/e 108.9 indicating also a monothiocatechol product. The other significant peaks suggest condensation of catechol with up to 5 cys units where they appear at m/e 154. Fraction at Rt 1.317 min gave spectrum G which showed two main peaks, one at m/e 810.1 suggesting the formation of dithiocatechol resulted from condensation of catechol with 8 cys units (Scheme 1). The second peak at m/e 172.9 is for M-1 of dimercaptocatechol (M+173.98) resulted from rearrangement and hydrogen atom transfer process as presented in Scheme 1.
Fractions at Rt 3.134, 3.647 and 4.147 min (spectra H, I and J respectively) showed a strong or base peak at m/e 173 for the dimercaptocatechol discussed above (Scheme 1); spectrum H gave also a base peak at m/e 265.2 for condensation of catechol with two cys units (Scheme 1).
These results indicate that the reaction can be through one or two nucleophilic attacks of cysteine thiol group towards quinones, formed by oxidation of catechol in the presence of PPO enzyme, to give mono or dithiocatechol adducts respectively (Scheme 2); however, no tri-or tetrathiocatechol (m/e 205.95 and 237.92 respectively) were observed in any spectra under the examined condition. Peptide side chains were also detected. Crude enzyme extract is used to be close model to living cell; peptidases that may be present in the extract could catalyze the detected peptide side chains.
